The rate of crossover, the reciprocal exchanges of homologous chromosomal segments, is not uniform along chromosomes differing between male and female meiocytes. To better understand the factors regulating this variable landscape, we performed a detailed genetic and epigenetic analysis of 737 crossover events in Arabidopsis thaliana. Crossovers were more frequent than expected in promoters. Three DNA motifs enriched in crossover regions and less abundant in crossover-poor pericentric regions were identified. One of these motifs, the CCN repeat, was previously unknown in plants. The A-rich motif was preferentially associated with promoters, while the CCN repeat and the CTT repeat motifs were preferentially associated with genes. Analysis of epigenetic modifications around the motifs showed, in most cases, a specific epigenetic architecture. For example, we show that there is a peak of nucleosome occupancy and of H3K4me3 around the CCN and CTT repeat motifs while nucleosome occupancy was lowest around the A-rich motif. Cytosine methylation levels showed a gradual decrease within ;2 kb of the three motifs, being lowest at sites where crossover occurred. This landscape was conserved in the decreased DNA methylation1 mutant. In summary, the crossover motifs are associated with epigenetic landscapes corresponding to open chromatin and contributing to the nonuniformity of crossovers in Arabidopsis.
INTRODUCTION
The process of meiotic recombination is initiated by DNA doublestrand break (DSB) induction. When the ends of a broken DNA invade homologous sequences on the homologous chromosome, a heteroduplex intermediate is formed and its resolution gives rise to a crossover (CO) event, namely, the reciprocal exchange of large homologous chromosomal segments and/or to a noncrossover event (San Filippo et al., 2008) , namely, a nonreciprocal exchange of short DNA sequences found in the heteroduplex intermediate. This can result in heterozygosity loss or gene conversion (San Filippo et al., 2008; Baudat et al., 2013) . It should be noted that only a minority of the DSBs induced at the onset of meiosis turn into CO events (Youds and Boulton, 2011) . Understanding the regulation and the landscape of CO and noncrossover events has been a major endeavor in genetic research, as early as a century ago with studies on genetic linkage in sweet pea (Lathyrus odoratus; Bateson et al., 1906) , followed by Thomas Hunt Morgan's (Morgan, 1911) work in Drosophila melanogaster, determining the rate of meiotic CO between linked loci.
Owing to the augmentation of mapped genetic markers, studies have benefited from an increasing degree of resolution in the mapping of CO events. One approach is high-throughput screening of many recombination events in a defined region. In this approach, two notable methods are pollen typing (Drouaud et al., 2013) and the use of fluorescent markers in seed (MelamedBessudo et al., 2005) and in pollen tetrads (Preuss et al., 1994; Francis et al., 2006 Francis et al., , 2007 Berchowitz and Copenhaver, 2008; Sun et al., 2012; Yelina et al., 2013) . With the recent advent of highthroughput sequencing technologies, it became possible to map historical recombination events using linkage disequilibrium, as has been done for human, mice, Arabidopsis thaliana, and maize (Zea mays) (Myers et al., 2008; Gore et al., 2009; Brunschwig et al., 2012; Choi et al., 2013) . It is also possible to map recombination events at high resolution, by crossing strains with defined sequence polymorphisms, followed by whole-genome sequencing of the resulting progenies. High-resolution maps of genome-wide recombination events are now available for Saccharomyces cerevisiae, Drosophila, maize, and Theileria parva (Mancera et al., 2008; Comeron et al., 2012; Henson et al., 2012; Li et al., 2015; Rodgers-Melnick et al., 2015) . Furthermore, high-throughput sequencing, combined with single-cell technology, contributed to the detection of meiotic recombination of single sperm (Lu et al., 2012b; Wang et al., 2012) and single oocyte (Hou et al., 2013) genotyping. Precise detection of the DSBs initiating meiotic recombination can be obtained through methods involving immunopurification of DSB binding proteins, such as Sporulation 11 (SPO11), Radiation sensitive 51, and Disrupted Meiotic cDNA1 (Smagulova et al., 2011; Choi and Henderson, 2015) .
Recent studies were conducted to assess the recombination landscape of Arabidopsis by dense genome mapping (Giraut et al., 2011) , as well as whole-genome sequencing (Lu et al., 2012a; Yang et al., 2012; Wijnker et al., 2013) . The work of Giraut et al. (2011) and others (Vizir and Korol, 1990; Copenhaver et al., 1998; Melamed-Bessudo and Levy, 2012) showed a lack of uniformity and distinct CO landscapes in the male versus female lineage. Recently, CO events were mapped through whole-genome sequencing of F2 plants (Yang et al., 2012) , meiotic tetrads (Lu et al., 2012a) , and dihaploids (Wijnker et al., 2013) or through sequencing of ecotypes and linkage disequilibrium analysis (Choi et al., 2013) . This enabled the identification of sequence motifs that are enriched at CO loci, such as A-rich motifs and CTT repeats (Horton et al., 2012; Choi et al., 2013; Wijnker et al., 2013) .
We sequenced the whole genome of 24 F2 plants resulting from a cross between the Col and Landsberg erecta (Ler) accessions. Using these data, together with information from previous studies (Lu et al., 2012a; Yang et al., 2012; Wijnker et al., 2013) , a data set of 737 different CO events was compiled, 424 of which were localized at very high resolution (<2000 bp). Using this data set, we verified the previously reported enrichment of A-rich and CTT repeat motifs at sites of CO (Horton et al., 2012; Choi et al., 2013; Wijnker et al., 2013) . In addition, we identified the CCN repeat, a newly characterized motif that is associated with CO events and is enriched in subtelomeric regions that are characterized with a higher CO rate in the male compared with female cell lineage. A characteristic epigenetic landscape was found around CO motifs. We propose that the sequence motifs, together with the associated epigenetic landscapes, contribute to the nonrandom CO distribution in the Arabidopsis genome.
RESULTS

Defining CO Sites
To study the control of the meiotic recombination landscape in Arabidopsis, whole-genome sequencing of 24 individual F2 progeny plants derived from a cross between two Arabidopsis ecotypes, Col and Ler, which differ every ;300 bp on average, in sequence polymorphisms (Lu et al., 2012a) , was performed. We used a meiotic tester line previously generated by transformation of the Col line with two seed-specific fluorescent markers on chromosome 3, i.e., GFP and RFP, mapped ;15 centimorgans apart (Melamed-Bessudo et al., 2005) . A CO event between these markers resulted in red only or green only seeds. F2 plants that underwent CO events between these markers were chosen for whole-genome sequencing, as they served as a positive control for our ability to identify CO events.
To ensure high-quality reads for each of the F2 individuals, the quality of the reads was verified with fastqc (http://www. bioinformatics.bbsrc.ac.uk/projects/fastqc) (for a detailed explanation and read depths, see Methods and Supplemental Table  1 ). Detection of recombination events was done by alignment of the sequence reads to the Arabidopsis reference genome TAIR10. For each individual F2, we determined the percentage of zygosity along a given chromosome section, according to the ratio of reads that supported each parental single nucleotide polymorphism (SNP). Regions with only one type of SNP (90 to 100%) were considered homozygous, while regions with two types of SNPs (50% 6 10%) were considered heterozygous. Crossover events that were consistent and were not followed by a reverse transition in the following 50 kb were manually selected as transitions of DNA segments from homozygosity to heterozygosity and vice versa ( Figure 1A ). The CO site was defined as the region between the closest homozygote and heterozygote SNPs ( Figure 1B ). In total, 201 CO sites were gathered from the 24 F2 plants analyzed. This is close to the expected number of CO events according the rate reported by Giraut et al. (2011) per male and female gametes (5.575 and 3.3, respectively), i.e., 8.875 COs per F2 plant, which amounts to 213 expected CO events in 24 plants (8.875 3 24 = 213). To generate a large data set of CO sites, the 201 CO events from this analysis were combined with previously published raw data (Lu et al., 2012a; Yang et al., 2012) and with the CO events listed in the Wijnker et al. (2013) study. Although the frequency of gene conversion events in the data of Yang et al. (2012) was not supported by other studies (Qi et al., 2014) , the quality of the sequence data for CO detection was not challenged (Qi et al., 2014) and was supported by our quality control analysis. The combined data set included 737 CO events with fine resolution (median: 1534 bp). Their genomic distribution is shown in Supplemental Figure 1 . Crossover events between the fluorescent seed markers on chromosome 3 (positive control) were detected in all the 24 sequenced plants. This subset of events represents only 24/737 (;3%) of all CO events and has only a negligible effect on the genome-wide distribution of CO events. Overall, the 737 CO sites were dispersed throughout the genome (Supplemental Figure 1) , with a distribution fairly similar to the recombination landscape previously published using molecular markers (Spearman correlation = 0.51) (Giraut et al., 2011) .
Owing to the high-resolution mapping of the CO events, 31% of the events were identified in promoters (defined as the 500 bp segments upstream of the transcription start site), although promoters represent only 12% of the entire genome (Figure 2 ), suggesting preferential occurrence of COs in promoter regions. Conversely, COs in transposable elements occurred less frequently than expected (14% compared with 21%). Crossovers occurred to a large extent (42%) in genes, as defined in TAIR10, namely, starting from the transcription start site up to the end of the transcript, although at a rate slightly lower than expected (51%) (Figure 2 ).
Analysis of CO Motifs
To search for motifs that are enriched in the CO regions, we compared the regions of the 424 CO events that mapped at high resolution (<2000 bp, 837 bp average length) to a set of similar size composed of 300 random 1000 bp sequences from the TAIR10 genome (henceforth, Rand genome). Using the MEME suite (Bailey et al., 2009 ) (discriminative analysis), a significant enrichment of sequence motifs at CO sites was detected. Two of these motifs were the A-rich motif (mean E-value = 1.67e-186) and the CTT repeat (mean E-value = 7.67e-65) (Figure 3 ), which were previously described as being associated with CO hot spots (Horton et al., 2012; Choi et al., 2013; Wijnker et al., 2013) . In addition, this analysis revealed a novel motif composed of repeated cytosine pairs (CCN; mean E-value = 6.33e-22) ( Figure 3) . Notably, this CCN repeat motif resembled the human CO hot spot motif (Myers et al., 2008) (Figure 3 ). All three CO motifs, i.e., the Arich, CTT, and CCN repeats, were abundant throughout the genome, reaching 85186, 50,977, and 58,803 copies, respectively. Interestingly, the abundance of the three motifs was significantly reduced in the ;0.5-to 2-Mb region around the centromeres ( Figure 4A ; Supplemental Figure 2 ). To further validate the identified motifs, particularly the new CCN repeat, we used a second motif discovery tool called HOMER, an algorithm that accounts for sequence bias in the data set and provides a P value based on cumulative binomial distributions of motif occurrences in the target sequences versus flanking background sequences (target sequences<<background sequences) (Heinz et al., 2010) . The same high-resolution CO data set used for the previous analysis was used as the input and the whole genome was used as a control. Surprisingly, the novel CCN motif was found to be the most significant of the three motifs (P = 1e-14) ( Figure 3 ). The A-rich motif was found to be much less significant than the other motifs when using HOMER (P = 1e-10) than when using MEME (P = 1e-186) ( Figure 3 ). We found that the regions where CO occurred were, on average, AT-rich (Supplemental Figures 3A to 3C ); therefore, we tested the hypothesis that the highly abundant A-rich motif decreased in significance when using HOMER because it does not contrast well with its immediate background surrounding. When searching for a decay in motif signal in windows of 2 kb from the CO site, the A-rich motif was found to maintain a high rate of occurrence at long distances from the CO events (Supplemental Figure 3D ). This finding suggests the possibility of a regional effect, rather than a motif-specific effect. By contrast, the CO rate decayed rapidly around the CCN repeat motif (Supplemental Figure 3D) , suggesting a motif-specific effect. The CTT repeat motif as found by MEME (Figure 3) was not identified using HOMER; rather, a variation of this motif (Figure 3 ) was found to be significant (P = 1e-11).
The abundance of motifs is shown ( Figure 4B ) for various regions of the genome, namely, the CO data set including 424 CO events, the hot regions data set, the total genome, and data set of cold regions. The hot and cold regions and the regions showing differences between male and female, were defined based on the statistical analyses performed by Giraut et al. (2011) . In brief, a male and a female CO data set were obtained using reciprocal backcrosses of a Col 3 Ler F1 and genotyping with SNP markers. A region was considered hot or cold if its CO rate was significantly higher or lower than the average rate in the same chromosome arm (Giraut et al., 2011) . The regions where CO rates were significantly different between the male and female were also determined using appropriate statistical analyses (Giraut et al., 2011) .
The A-rich motif was the most abundant in the CO events (952.8 motif/Mb), followed by the CTT repeat (581.4 motif/Mb) and the CCN repeat (595.5 motif/Mb) ( Figure 4B) . A closer examination demonstrated that motifs were not only enriched in CO regions (as expected) but were also enriched in hot versus cold regions ( Figure  4B ). The statistical significance of the difference between the CO data set (424 CO events mapped with the highest resolution <2000 bp) and the contrast groups (hot regions, random data set, and general cold regions) is presented in a Manhattan plot ( Figure 4C ). All the motifs showed a highly significant difference between the CO data set and the contrast groups ( Figure 4C ), with the exception of the CCN repeat motif, which was enriched in COs, when compared with general cold intervals (4.33e-22) or to a random genome (6.33e-22), but was not significantly enriched when compared with the female-specific cold regions (3.27e-03), which almost completely overlapped with the subtelomeric regions ( Figure 4C ). In other words, the CCN motif is abundant in subtelomeric regions, which are recombinogenic in the male cell lineage but cold in the female.
In addition, when assessing the abundance of motifs in genomic features, genes, promoters (500 bp upstream to the transcription start site), and transposable elements ( Figure 4D ), the A-rich motif was found to be mostly associated with promoters, while the CCN motif was found to be enriched in gene bodies ( Figure 4D ).
Epigenetic Architecture of COs around Motifs
Epigenetic imprints such as cytosine methylation (MelamedBessudo and Levy, 2012; Mirouze et al., 2012; Yelina et al., 2012; Colomé-Tatché et al., 2012) and histone occupancy and modifications were shown to be associated with CO rates (Yelina et al., 2012; Choi et al., 2013) . Moreover, one of the motifs (CCN) is a target for H3K4 trimethylation in human (Hayashi et al., 2005; Baudat et al., 2010) . Therefore, we analyzed the epigenetic architecture of CO regions and around motifs, using the epigenetic modification data set compiled by Zemach et al. (2013) from somatic tissues (see details in Methods). The analysis was performed around the three motifs throughout the genome, in cold or hot CO intervals, and around the 424 motifs where COs actually occurred.
The abundance of the relevant modification was averaged for every 50 bp interval both 1 to 2 kb upstream and downstream of the motif (Figures 5 and 6; Supplemental Figures 4 and 5) . The prominent characteristics of the motif-centric epigenetic landscape were the shape of the distribution and the degree of difference between hot and cold intervals. For example, a heterochromatic marker, such as CG methylation, showed hypomethylation at the ;2-kb region around the three motifs ( Figure 5A ), with cold regions being more methylated than hot regions (Supplemental Figure 5A) . We observed that the CG Percentage of genomic features, such as promoters (defined as 500 bp upstream of transcription start site), genes (59 and 39 untranslated regions, exons, and introns), transposons, and others (all the remaining sequences, such as non-annotated repeats and tRNAs), within the whole genome (left panel) and within the data set of the 737 CO events (right panel). Genes are represented in purple, promoters in brown, transposons in light blue, and "others" in yellow. COs that overlapped with more than one feature were counted once for each feature. Logo plots of DNA sequence showing motifs enriched in CO regions. Three motifs were identified using two different algorithms: MEME (left) and HOMER (right). An A-rich motif (E-value = 1.67e-186; P value = 1e-10), a CTT repeat motif (E-value = 7.67e-65; P value = 1e-11), and a CCN repeat motif (E-value = 6.33e-22; P value = 1e-14). The significance was expressed as E-value when using MEME or P value when using HOMER.
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The Plant Cell methylation levels were even lower when we analyzed the CO sites in our high-resolution data set ( Figure 5B ). The other types of cytosine methylation, CHH and CHG, showed a similar pattern to CG methylation (Supplemental Figures 4A to 4D , 5C, and 5D). Previous experiments pointed to the DNA methylation maintenance gene DDM1 as a regulator of CO rates (Melamed-Bessudo and Levy, 2012). We tested whether hypomethylation at the motifs is DDM1 dependent. To this end, we analyzed the cytosine methylation landscape around the motifs in the ddm1 mutant ( Figure 5C ). As expected, the average degree of methylation was lower in the ddm1 mutant than in the wild type. However, the pattern of methylation was maintained, with the lowest degree of methylation found close to the motif itself. Interestingly, the methylation level around the motif was even lower in the data set of actual CO events ( Figures 5B and 5C ) than in the ddm1 mutant.
High nucleosome occupancy is also a heterochromatic marker (Chodavarapu et al., 2010) . CO events are more likely to occur in euchromatic regions (Giraut et al., 2011) . Moreover, A/T dinucleotides are known to have low nucleosome occupancy compared with C/G dinucleotides where the occupancy is high (Kaplan et al., 2009 ). As expected, based on sequence only, nucleosome occupancy was low at the A-rich motif, was slightly higher at the CTT repeat and was high at the CCN motif ( Figure 6A ). Occupancy was higher in cold versus hot regions for the CCN motif (Supplemental Figure 5G) . A peak of occupancy was also observed around motifs found in the actual CO regions ( Figure 6B ). When analyzing H3 presence, another parameter of nucleosome occupancy, the general trends were similar to those of nucleosome occupancy, namely, depletion around the A-rich motif and enrichment around the CCN motif (Supplemental Figures 4E and (A) Distribution of the A-rich, CTT repeat, and CNN repeat motifs in chromosome 1 in the upper, middle, and lower panels, respectively. The pericentric region (;2 Mb around the centromere) is shown as a gray box. (B) Motif abundance (normalized as the number of motifs per Mb) is shown for the high-resolution CO data set (red), hot regions (orange), genome-wide (green), and cold regions (blue). (C) Manhattan plot of the statistical significance (-log10 of P value) of the CO data set compared with each of the contrast groups: genome-wide (green circles), subtelomeric female-specific cold intervals (pink triangle), general cold intervals (blue squares), and hot regions (orange diamonds). (D) Distribution of motifs within various data sets. CO events: data set of 737 CO events; genome wide: whole genome; promoters: 500 bp upstream of the transcription start site; genes: 59 and 39 untranslated regions, exons, introns, and transposable elements (TE).
Epigenetics of Crossover Motifs5H), supporting the functional significance of the linkage between motifs, nucleosome occupancy, and COs.
H3K4me3 and H2A.Z are marks for euchromatin and were shown to be associated with CO regions (Giraut et al., 2011; Choi et al., 2013) . We show here that these marks form a peak around the CCN repeats motifs, with higher peaks in CO sites (Figures 6C to 6F), with differences between the hot and cold intervals (Supplemental Figures 5E and 5I ). The CTT repeat showed patterns similar to those observed with the CCN repeat for H3K4me3 ( Figures 6C and 6D ) and H2A.Z ( Figures 6E and 6F ). No such peaks were noted around the A-rich motif, reflecting the low nucleosome occupancy (Figures 6C to 6F ). Another euchromatic modification, H3K4me2, showed patterns similar to those of H3K4me3, in both cold and hot regions and in CO sites (Supplemental Figures 4G, 4H , 5E and 5F). The ratio of methylated CG dinucleotides versus total CGs is shown in 50-bp bins around the CO motifs, namely, the CCN repeat (purple square), CTT repeat (red circle), and the A-rich motif (green triangle). As a control, CG methylation was analyzed around randomly picked sequences (continuous black line). Motifs are located at the center (0 bp) of the x axis. Each point is the average CG methylation for all the motifs in a given bin. The analysis was performed for all the motifs in the wild-type genome (A), for the data set of the actual CO events detected here (B), and for the whole genome in the ddm1 mutant (C). The Plant Cell
DISCUSSION
The three CO sequence motifs described here were shown to be associated with a nonrandom landscape of recombination; they are less abundant in centromeric regions ( Figure 4A ) and in cold regions ( Figure 4B ). In addition, the CCN repeat was associated with CO events throughout the genome, except for the femalespecific cold regions that are mostly subtelomeric ( Figure 4C ). The A-rich motif was associated with promoters where CO events are enriched, while the CCN motif was enriched in genes where 42% of the COs occur ( Figure 4D ). This nonrandom association of motifs and COs could thus partly explain the nonrandom landscape of recombination in the Arabidopsis genome, including the low rates of CO in centromeric regions, in cold regions, and in subtelomeric regions of the female lineage. Previous works have shown a correlation between epigenetic marks and meiotic recombination (Melamed-Bessudo and Levy, 2012; Mirouze et al., 2012; Colomé-Tatché et al., 2012; Yelina et al., 2012) . We expanded on these findings by performing a motif-centric analysis of epigenetic marks throughout the genome. It should be noted that this study used public data on epigenetic marks that were obtained from somatic tissues at the seedling stage (as compiled by Zemach et al. [2013] ). Thus, some reprogramming of epigenetic marks during meiosis, which might have affected our analysis, cannot be ruled out. However, some degree of conservation of the epigenetic patterns and especially of H3 methylations during plant development, including during meiosis, is expected (Feng et al., 2010; Oliver et al., 2013) , in contrast to the extensive epigenetic reprogramming found in animals during meiosis (Sasaki and Matsui, 2008) .
The presence of a motif per se, is not a strong predictor of CO. Indeed, motifs were enriched in all COs regions ( Figure 4A) ; however, only by a small margin. On the other hand, the epigenetic landscape was strongly affected around motifs (Figures 5 and 6 ; Supplemental Figures 4 and 5) . Thus, the combination of the sequence motif, together with the associated epigenetic changes, might be key in defining recombination sites. The type of motif epigenetic modification association differs between motifs. For example, the A-rich motif might act through its negative effect on nucleosome occupancy, while other motifs lead to increased occupancy (Figures 6A and 6B ; Supplemental Figures 4E, 4F , 5G, and 5H). A-rich sequences are known to be stiff and not to fold around nucleosomes ); therefore, the various core histone modifications cannot take place in the absence of nucleosomes ( Figures 6C to 6F, A-rich motif) . In this respect, the A-rich motif, which is associated with most CO events (Figure 3 ), seems to influence CO independently of the two other motifs. The A-rich signal proved persistent for large distances from the CO site (Supplemental Figure 3D) . Nucleosome depletion extended for ;2 kb around the A-rich motif in the associated CO sites; therefore, this effect must be mutually exclusive to that of the two other nucleosome-dependent motifs ( Figures 6A and 6B ). For the CTT and CCN motifs, nucleosome occupancy was increased, as could have been predicted based on sequence only (Kaplan et al., 2009) . In that case, motifs and CO regions are characterized by peaks of modifications associated with euchromatin, such as H3K4me3 or H2A.Z. In the case of cytosine methylation, the association between the motifs and the epigenetic mark was similar for the three motifs. This suggests that the deep and wide cytosine methylation valley around the three motifs is established, regardless of histone presence ( Figures 5A and 5B ).
Taken together, while different motifs show different epigenetic associations, in all cases, recombinogenicity correlated with increased chromatin accessibility, either through nucleosome depletion or through euchromatic nucleosome modifications and through cytosine hypomethylation. The A-rich motif seems to be a mark of A/T-rich and recombinogenic regions and to a lesser extent of a local motif-specific effect.
The CCN motif, described here for the first time in plants, was associated with H3K4me3 modifications (Figure 6 ). These modifications were shown to peak around transcription start sites and spread through both promoters and genes (Choi et al., 2013) , where most of the CO events took place (Figure 2) . Interestingly, the CCN motif was associated with recombination within genes but not within promoters ( Figure 4D ). The mechanism that links the CCN repeat motif, H3K4me3 modifications, and COs is not known in plants. Interestingly, in human, most COs are associated with the CCNCCNTNNCCNC motif, which is recognized by the zinc finger domain of PRDM9, a protein that was shown to trimethylate H3K4 in germ cells (Hayashi et al., 2005) and to initiate meiotic recombination through recruitment of DSB-inducing SPO11 (Baudat et al., 2010) . Plants do not have a PRDM9 homolog and the CCN repeat motif only partially overlaps with the human motif; therefore, a different and yet unknown mode of action must be linking the CCN repeat motif to H3K4me3 modifications and COs in plants. In Drosophila, high-resolution mapping of 106,964 recombination events led to the discovery of 18 motifs, two of which partially overlap the CCN repeat and four of which resemble the Arich motif (Comeron et al., 2012) . In summary, while there are substantial differences in the regulation of CO between species, there seems to be also some similarities that are probably related to chromatin accessibility.
The cytosine methylation data, together with the availability of the methylation-deficient mutant ddm1, provided valuable information. Remarkably, cytosine methylation was lowest around the CO motifs ( Figure 5B ). DDM1 is a chromatin remodeling protein from the SWI2/SNF2 family (Brzeski and Jerzmanowski, 2003) , which, in principle, can directly interact with the motifs, promoting chromatin remodeling, as well as the demethylation gradient around the motif. To investigate this possibility, we checked the degree of CG methylation around the motif in the ddm1 mutant ( Figure 5C ; Supplemental Figure 5B ). The same valley shape was observed in the ddm1 mutant and the DDM1 wild type, but with the lowest point being lower than in the wild type, consistent with the findings of enhanced CO in the ddm1 and met1 mutants (Melamed-Bessudo and Levy, 2012; Yelina et al., 2012) . Thus, the methylation gradient around the motifs is DDM1 independent. Additional insight can be gained by the analysis of the CG methylation of the subset of motifs where CO events were actually observed ( Figure 5B ). While this subset showed the same shape as motifs from all around the genome, the bottom of the valley was even lower than in the ddm1 mutant ( Figures 5B and 5C ), further supporting the tight association between motifs and epigenetic marks and its functional significance. Moreover, it suggests a threshold model for the effect of cytosine methylation on CO, i.e., Epigenetics of Crossover Motifslower methylation levels will provide a more favorable context for CO ( Figure 5) .
In summary, the data presented here suggest that sequence motifs together with associated epigenetic modifications define recombinogenic regions and shape the nonuniform recombination landscape in the genome. While the different motifs seem to have different modes of action, overall, modifications around motifs show features of increased chromatin accessibility through low nucleosome occupancy, histone modifications, or decreased cytosine methylation; these features were most prominent in the actual CO regions. Moreover, the CCN repeat, a novel CO motif, provides potential clues into the male-female CO differences in subtelomeric regions. This work raises several questions, for example, with regards to how CO motifs interact with the chromatin and cytosine modification factors to promote CO. Likewise, it is intriguing to weigh whether the meiotic recombination landscape is just the reflection of epigenetic modifications established already in somatic tissues for some other purpose (e.g., promoters or genes) or, alternatively, is shaped by meiotic-specific factors.
METHODS
Sample Preparation
The Col meiotic tester line (Melamed-Bessudo et al., 2005) was crossed with Ler to obtain F1 plants. All plants were grown in a climatic control room with 18 h light and 6 h darkness. Fluorescence of F2 seeds was used to identify recombination events, namely, seeds that were green only or red only. These seeds were grown to produce F2 plants. DNA was extracted from F2 leaves using NucleoSpin Plant II (Macherey-Nagel) according to the manufacturer's protocol.
Sequencing Procedure
Sequencing was performed at the Weizmann Institute of Science, High Throughput Sequencing Unit. Genomic DNA was sheared by sonication to 200-to 600-bp fragments. A total of 10 ng fragmented DNA was used to prepare the libraries, as described by Blecher-Gonen et al. (2013) . Sequence quality was assessed using fastqc (http://www.bioinformatics. bbsrc.ac.uk/projects/fastqc). Low-quality sequences were trimmed to ensure high quality reads. Sequencing data are detailed in Supplemental Table 1 .
CO Event Detection
Reads from our samples, as well as from publicly available resources (Lu et al., 2012a; Yang et al., 2012) , were aligned to the TAIR10 Arabidopsis thaliana reference genome using Bowtie2. Ler SNPs (Lu et al., 2012a) were introduced to the reference genome and the reads were realigned. The SAMtools (view and Mpileup) and Varscan2 (pileup2snp) packages were employed for SNP, calling for reads with high map quality score (>30) and without PCR duplicates. An SNP was considered homozygous if it was supported by at least 90 to 100% of the reads with a criterion of a minimum of eight reads, while regions with two types of SNPs (50% 6 10%) were considered heterozygous. Crossover events were determined according to transition of zygosity levels of large DNA segments. For each F2 individual, determination of the percentage of zygosity along a given chromosome section was according to the ratio of reads that support each parental-specific SNP from the SNP calling analysis. Crossover events were determined as transitions of DNA segments from the state of homozygosity to heterozygosity and vice versa, not followed by a reverse transition in the following 50 kb. A CO data set was compiled from this analysis and was added to published CO events (Wijnker et al., 2013) . From this data set, a subset of 424 events with the highest resolution <2000 bp was chosen for a comparison of different control groups.
Association with Genomic Features
The presence of the high-resolution data set was assessed in transposable elements, genes, and promoters (500 bp upstream to the transcription start site). If a CO event overlapped more than one feature, it was counted for all the features it overlapped. The expectation for a genomic feature was calculated according to the base pair content of the feature.
Motif Discovery
The high-resolution 424 CO event data set was checked for enrichment of motifs using MEME (Bailey et al., 2009) . First, the CO data set was checked for motif enrichment without assuming any background bias without discriminative analysis. Next, a discriminative analysis was used for motif enrichment. As background sequences, three sets from the following control groups were randomly selected: genome wide, female-specific cold intervals (Giraut et al., 2011) , and general cold intervals (Giraut et al., 2011) . The female-specific cold intervals (Giraut et al., 2011 ) are regions that were described to have a significantly different CO rate when compared with that of males in the same region. General cold intervals (Giraut et al., 2011) were described as male cold intervals that overlapped or did not have a significantly different CO rate than females in the same region. Each of the background sets was composed of 300 sequences, and each sequence in a set was 1000 bp long. The CO subset was independently compared with each control group. An independent analysis was performed to validate the results using HOMER (Heinz et al., 2010) . The CO data set was tested versus the whole genome for motif lengths of 8, 10, 12, 15, and 22.
Motif Centric Epigenetic Data Analysis
Epigenetic data were provided by Assaf Zemach and were described by Zemach et al. (2013) . Motif locations were determined genome-wide by FIMO from MEME suite (Bailey and Elkan, 1994; Bailey et al., 2009 ). The epigenetic data were binned every 50 bp. The mean values 1000 to 2000 bp up-and downstream of each of the motifs were calculated for all the occurrences in a certain region.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number AF143940 for DDM1. The Plant Cell
